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a regular grid. This, however, has not been optimized and early studies have indicated 48 that optimization of the turbine positions can lead to more efficient use of the wind farm 49 area (Fagerfjäll 2010; Elkinton 2007). Existing tools have approached the optimization of 50 offshore wind farm layouts as a maximization of the energy yield and the minimization of 51 wake losses, however, it can more accurately be characterized from a utility perspective 52 as an optimization of the profitability of the generation asset or a minimization of the 53 levelized cost of energy (LCOE) . With regards to this, it therefore becomes important 54 to consider all layout dependant aspects that either affect the energy yield of the wind 55 farm or the lifetime costs. 56 The electrical infrastructure impacts both the energy yield and the costs and therefore 57 has an important role to play in the optimization of offshore wind farms. The length of 58 cable and therefore the capital costs of the project are directly a function of the positions 59 of the turbines and the length of the cables also affects the energy losses that occur when 60 transmitting through the cables. Similarly these lengths of cable depend on where the 61 substations are placed relative to both the onshore connection point and the turbines. 62 The optimization of the collection network, the cables, and substations, therefore forms 63 an important component of the overall global optimization of an offshore wind farm 64 layout. 65 In the development of a tool to be used to optimize the layouts of offshore wind farms, 66 the problem of optimizing the electrical collection network for an offshore wind farm 67 has been examined. Considering the future UK Round 3 projects as a point of context, 68 the problem has been approached including as many realistic constraints as possible 69 and formulated using a combination of heuristics and mixed-integer linear programming 70 (MILP). As heuristics are used, this method may not reach proven optimality, but rather 71 reaches a good feasible solution in an acceptable run time. 72 This optimization problem includes the determination of the substation positions given 73 the realistic constraints faced by a developer, and the determination of the cable layout 74 given this substation position. The export cable, a component of the transmission net-75 work, is not considered as part of this optimization problem. 76 Previous work in this field has tended to look at small wind farms, or has omitted some 77 of the necessary constraints needed for the optimization of a real wind farm. Most have 78 elected to work only on a single construction phase of a wind farm with a single OHVS, 79 as subsequent phases and additional OHVS would follow the same procedure. 80 Fagerfjäll (2010) implemented an MILP based approach for the electrical cable layout, 81 assuming that all the turbines were connected to a single substation. This approach 82 used a variation on the minimum spanning tree problem, a minimum Steiner tree, in 83 order to solve for the electrical cabling. A minimum Steiner tree is similar to a minimum 84 spanning tree, however, the arcs may branch anywhere along an arc and not only at 85 nodes. By approximating the problem to that of the minimum Steiner tree, the cable 86 length is therefore further minimized. Similar work has also been undertaken by Svendsen 87 (2013) and Lindahl et al. (2013) using a MILP implementation to solve for a capacitated 88 minimum spanning tree. Both of these studies, however, correctly identified that the 89 computational time for these problems grows very quickly with the number of turbines. In 90 turbines.
140
In the offshore environment cable junctions require additional switch-gear and power 141 electronics, the installation of which will require some sort of physical structure to house 142 them. Presently all junction boxes and circuit breakers designed for the offshore wind 143 sector are designed to be housed in a turbine or placed on a substation platform ( Steiner points was therefore selected for use in this study as this better represents the 150 physical constraints of offshore wind farms.
151
The CMST formulation requires costs for each potential cable connection under con-152 sideration. In order to assess this, it was first necessary to determine the length of cable 153 required to connect two turbines, and then apply a per metre cost for that cable type. As 154 the costs of cables including the installation costs scale with cable length it is necessary 155 to determine the lengths of potential cables prior to running the CMST. This effectively 156 introduces another sub-problem. Given the complex GIS constraints, this was addressed 157 through the implementation of a pathfinding algorithm in order to ensure that the cables 158 would not pass through the constrained regions. Additional constraints were also intro-159 duced in order to reflect that cables may not cross one another. The overall programme 160 approach is outlined below:
161
Algorithm 1 Offshore Wind Farm Inter-Array Cable Optimization Require: The turbine positions, the GIS obstacles, and the number of substations 1: Given the number of substations assign each turbine to a substation and compute the substation positions using the Capacitated kmeans++ Clustering 2: for all substations do 3:
for all turbines assigned to substation do 4:
Identify the 10 closest turbines
5:
Identify the constrained shortest path between the turbine and substation using Delaunay Triangulation Based Navigational Mesh Pathfinding.
6:
for 10 closest turbines do 7:
Identify the constrained shortest path between turbine pair using Delaunay Triangulation Based Navigational Mesh Pathfinding. The Constrained Shortest Path problem is executed for each turbine finding the possible 167 connections between it, the ten closest turbines to it, and the substation. This data is used 168 for the MILP CMST problem which is executed for each of the substations. The number 169 of turbines to pathfind to is a parameter, and 10 was empirically selected as turbines 170 were found to always be connected either to one of their six closest neighbours or the 171 substation in all tests conducted. Ten was therefore selected to give additional flexibility, 172 however, the framework is designed to accept any valid integer for this parameter. The substation placement problem can be described that for n t turbines, k substations 176 must be placed optimally. As the overall problem seeks to design the inter-array cable 177 paths the logical approach is to try and reduce these path lengths from the outset by Mathematically, the problem can be expressed as:
where T is the set of turbines and S is the set of substations. The CCCP as formulated above, is NP-complete and has previously been studied by Ne- for this problem. The first stage would identify the ideal cluster centres ignoring the 201 capacity and obstacle constraints, and the second phase would apply first the capacity 202 constraints finding a good solution starting from the solution of the first stage, and finally 203 once the capacity constraints were satisfied, the obstacle constraints would be applied to 204 refine the solution. It is recognized that the implementation of a heuristic algorithm can-205 not ensure an optimal solution, and the substation positions generated by this algorithm 206 represent only a feasible solution.
207
For the first phase, a kmeans++ algorithm was selected. This is a variation on the well-208 known kmeans clustering methodology which intelligently selects the initial cluster centre 
216
Algorithm 2 Capacitated kmeans++ Require: Set of turbines T to be clustered into k clusters while obeying O obstacles 1: Perform kmeans++ 2: Balance clusters based on capacity 3: Update cluster centres based on assigned turbines 4: Look for elements which can be moved to improve total distance while maintaining capacity constraints. 5: Update cluster centres based on assigned turbines 6: Identify pairs of turbines which can have their substation assignments swapped to yield improved total distance between turbines and substations. 7: Update cluster centres based on assigned turbines 8: Shift substations (cluster centres) to nearest allowable position based on obstacles. 9: return Substation positions and turbine assignments Using the approach outlined in algorithm 2, it was possible to successfully partition a 217 wind farm to ensure that substations were in good, feasible positions if not in the optimal 218 position. This process also ensured that the substation capacities and any GIS obstacles 219 were correctly implemented as constraints for the substation positions.
220
The proposed method also explored swapping turbine assignments in order to ensure 221 that the identified substation positions accurately minimize the distance to turbines, and 222 each turbine is therefore assigned to the closest substation unless capacity constraints are hull can then be traversed to find the shortest path. This approach, however, is not 237 guaranteed to find the shortest path, and in fact will incorrectly mark areas as impassable 238 if the obstacle is not convex. This bypassing algorithm is therefore only well suited if the 239 exclusion areas can be described as simple convex shapes. As the tool developed here 240 sought to account for realistic seabed constraints that may take on concave shapes it was 241 decided that a convex hull based bypassing algorithm would not be the most efficient 242 approach. As a result, a pathfinding approach was taken. The pathfinding approach was 243 found to correctly account for concave obstacle regions.
244
Pathfinding can theoretically, depending on the algorithm applied, guarantee a short- In general, pathfinding can be described as a specific case of a shortest path tree traversal. The shortest path of a graph can be mathematically formulated as:
where u i,j is a binary variable describing the connectivity between points i and j in 
282
It is important to note that in terms of a visibility graph, points along the obstacle 283 edges are considered to be an open set, that is that valid arcs can pass along edges.
284
The optimal path is in fact the shortest path between vertices on such a graph. The 
288
Given that the GIS constraints for a typical offshore wind farm will constitute several 289 thousand vertices this was thought to be too computationally complex.
290
The proposed methodology, therefore uses a heuristic algorithm which can create a close for triangles for which the largest angle is less than 120 • to be the position internal to if shortcut does not intersects an obstacle then 5:
Add shortcut length to graph adjacency matrix 6: end if 7: end for 8: Find shortest path along graph using Dijkstra's algorithm 9: return Cable path does find the optimal path between two points. Through the preceding sub-problems the substations have been placed and a graph of 325 possible cable connections has been constructed with the path and length of each cable 326 computed. The remaining task is to select which of these cables to use to minimize the 327 total cost of the inter-array cable infrastructure. Given the arc costs between turbines 328 and the constraints described below, this problem could be described as a capacitated The CMST is not a new problem and the formulation used in this work is based on 337 that of Gouveia (1993 Gouveia ( , 1995 . This work has generalized this formulation to allow for Figure 3(a) shows the problem formulation with the origin and destination points marked and obstacles shown in grey. Figure 3(b) shows the result after performing a Delaunay triangulation on the configurational space. Figure 3(c) shows the Delaunay Triangulation with the Fermat points added for the appropriate triangles. Figure 3(d) shows the graph formed by the triangle edges and Fermat points connected to the appropriate triangle vertices and adjacent Fermat points. Figure 3 
Problem Formulation

341
Mathematically, the CMST can be formulated as:
The above formulation represents the minimum constraints to account for a CMST 342 with multiple arc types each with a different capacity ratings. In this formulation there to the flow supplied at each node (the power generated by the turbine) denoted by g j .
367
Constraint 3d imposes the capacity constraint where Q l is the capacity of cable-type l.
368
Constraint 3e ensures that every cable can be of only a single cable-type. Constraint 3f 369 accounts for the fact that for an offshore wind farm inter-array cables may not cross. In As stated earlier, the crossing constraints were imposed, however, it was found during 388 the development of the methodology that imposing the full set of crossing constraints 389 for all pairs of cables resulted in many inactive constraints. It was also found that for 390 problems with more than 40 turbines significant amounts of memory were required in 391 order to avoid out of memory errors. It was instead decided to take an approach similar 392 to the implementation of cutting planes and instead solve the MILP, check if any of the 393 paths in the solution crossed, and if so impose that specific constraint. In this way the 394 MILP solver is called iteratively, slowly increasing the number of constraints, until the 395 solution is found. By doing this, the inactive constraints are not unnecessarily formulated 396 and less memory is required. Even in small cases this row generation approach was 397 shown to perform better than the full implementation. Table 2 shows a comparison of 398 the performance using the full constraints and using the row generation approach. Due to 399 the way in which the cable routes were found using the pathfinding algorithm described 400 in section 4 it was not necessary to impose further constraints representing the regions 401 where cables could not be placed.
402
Based on previous work by Fagerfjäll (2010) it was decided to explore the introduction of additional constraints in order to improve performance. Two additional constraints were therefore introduced:
i∈T l∈L
relates the flow and activity of an arc, while equation 4b stipulates that 403 there must be at least one active edge connected to each node. Neither of these constraints 404 is necessary in order to solve the problem, however, performance improvements were 405 noted when they were included. noted that neither of these algorithms are designed to include capacity constraints or GIS 444 based constraints limiting the area where it is permissible to place the cluster center.
445
Comparing the performance for a range of wind farm sizes within the Navitus Bay 446 region it was found that the clustering was relatively inelastic to the number of turbines, 447 and more strongly governed by the number of clusters that the turbines were to be 448 partitioned into. Importantly, the constrained capacitated kmeans++ approach proved 449 to be far slower than traditional clustering approaches, however, even given this it was 450 deemed to have an acceptable performance as 150 turbines were easily partitioned into 451 two clusters in less than a second.
452
As can be seen in figure 6 though the performance of the new clustering algorithm is 453 much slower than kmeans++, it gives similar results in terms of total distance between 454 the turbines and the center location while at the same time adhering to the GIS and Figure 7 . Cable layout, no GIS constraints.
Looking at the A* solution shown in figure 9 , it can be observed that the grid based tions should be installed.
486
The CCCP compares well in performance against traditional clustering methods such 487 as kmeans and kmeans++, though consistently slower than both, it has consistently bet-488 ter cluster centres than kmeans, and very similar results to kmeans++ while respecting 489 the GIS constraints. This implementation represents a novel approach to the position-490 ing of an offshore substation and is one of the first automated approaches used for this 491 application.
492
This study then opted to implement a navigational mesh pathfinding algorithm to the resulting graph that is constructed a simple shortest path algorithm with a bespoke 496 path shortening heuristic is applied in order to produce good feasible solutions which 497 approach optimality. The lengths of these paths are then used as edge lengths in an 498 MILP implementation of a capacitated minimum spanning tree.
499
The results of this approach applied to a real offshore wind farm currently in the 500 planning stages have yielded promising results indicating that this approach is not only 501 valid but shows improvements over commonly used approaches based on the turbine 502 separation distance. There are, still improvements that can be made, but this approach 503 represents a strong step forward to the efficient automation of the layout design of an 504 offshore wind farm and optimizing all aspects of the layout.
505
Easting Northing Phase1 Phase2 Substations Cable Type 1 Figure 9 . Grid based pathfinding using an A* search algorithm.
